Considering the advantages and limitations of traditional identification method, combined with the strategy of active detection, the principle of DC grid pilot protection based on active detection is proposed to improve the sensitivity and reliability of hybrid MMC DC grid protection, and to ensure the accurate identification of fault areas in DC grid. By using the DC fault ride-through control strategy of the hybrid sub-module MMC, the fault current at the converter station DC terminal is limited. Based on the high controllability of hybrid MMC, sinusoidal fault detection signals with the same frequency are injected into the line at each converter station. Based on model recognition, the capacitance model condition is satisfied by the detected signals at both ends during external faults whereas not satisfied during internal faults. The Spearman correlation coefficients is then introduced, and the correlation discriminant of capacitance model is constructed to realize fault area discrimination of DC grid. The simulation results show that the active detection protection scheme proposed in this paper can accurately identify the fault area of DC grid, and is not affected by fault impedance and has low sampling rate requirement.
Introduction
Nowadays most of flexible DC transmission projects use half-bridge submodules (HBSMs) based modular multilevel converter (MMC) which lacks DC fault clearance capability, and thus is suitable for cable schemes with low DC failure rates. However, due to the complexity of the transmission environment and the increase of distance and capacity, overhead lines are becoming increasingly popular for future flexible DC transmission projects [1] [2] [3] [4] [5] [6] . For example, the Zhangbei 500 kV flexible DC transmission project uses half-bridge submodules based MMC with overhead transmission lines.
Overhead lines have a high probability of failure and the topology of the half-bridge converter requires a very short blocking time. After blocking, the DC power grid is isolated from the external power grid. The recovery and restart process of the DC power system is complicated, which makes power recovery time long. This may lead to the loss of stability of the connected AC system. In addition, the free-wheeling diodes in the MMC will also form an uncontrolled rectifier bridge, resulting in large fault current feeding to the fault point. Considering that there is no natural zero crossing for DC current, DC circuit breakers have to create artificial current zero leading to complex circuity and high cost. In the meantime, the relay protection must isolate the fault within milliseconds and requires high reliability and speed. Therefore, the development and application of half-bridge converter cooperated with DC circuit breaker need further study.
The full-bridge submodule has negative voltage output capability, and can directly block the converter to suppress the fault current. However, if converter blocking method is adopted, all the converters will have to be blocked after fault occurrence. During the blocking state, the DC power grid is isolated from the external power grid. The restart process of the DC grid is relatively complicated, resulting in a long power recovery time, which may cause the connected AC system to lose stability [7] [8] [9] . On the other hand, the high controllability of the full bridge submodules can be utilized to realize DC fault ride-through by controlling the number of the submodules switched in instead of blocking. This method can ensure the converter to continue providing reactive power support to the AC side during DC faults. Compared with full-bridge MMC, hybrid MMC is composed of half-bridge and full-bridge submodules, which has certain economic advantages while ensuring DC fault clearance capability. DC overhead line transmission system based on hybrid MMC is now being considered as one of the future development trends [7] [8] [9] , e.g. the DC project in Wudongde under construction.
At present, there is no mature protection scheme for flexible DC transmission line protection, and at this stage, guidance can only be provided from the traditional current source HVDC system. The protection are mainly divided into main protection and backup protection [10] [11] [12] [13] [14] [15] [16] .
1) For the main protection, traveling wave protection and differential undervoltage protection are easily affected by fault impedance, noise, lightning, sampling rate, DC boundary, etc. Thus, the reliability of protection is low and the protection may have dead zones [10] . 2) For the backup protection which is usually current differential protection, when the line is long, the delay introduced due to transmission delay, transient process and other factors, becomes too long for the flexible DC transmission system. For this reason, many researchers have proposed various new pilot protection principles for DC lines [11] [12] [13] [14] [15] . However, most of them depend on the DC boundary and the polarity characteristics of fault component in the initial transient of the fault. The pilot protection based on traditional model identification realizes fault identification by identifying the equivalent topology model of the line and has higher reliability [16] . However, the protection performance is closely related to the effective fault information extracted and line parameters, whereas the differential term of electrical quantity is easily affected by the initial instantaneous harmonic factor of the fault [17] , and thus, the protection performance needs to be further improved.
In addition, considering that the flexible DC system has extremely short blocking time, the protection principle based on effective fault information will be limited. The reliability and sensitivity of the above protection principles will be affected. Therefore, it is urgent to study the protection principle of new DC power grid.
Based on the high controllability of hybrid MMC converter, active detection, protection and reclosing technology is becoming a new research hotspot. Researchers in [18, 19] use square wave injection method to achieve fault detection according to traveling wave transmission theory. However, the influence of fault impedance and sampling rate on traveling wave may affect the results of fault discrimination. When applied to line protection, there still exists a problem of protection dead zone. In [20, 21] , it points out that under coordinated control and protection, since the DC current is always under control, the converter will not be blocked due to overcurrent, and the DC system no longer has to detect and identify the fault line within milliseconds after fault occurrence. This makes it possible for the DC protection to use some advanced algorithms to improve the accuracy of fault detection and identification. The above researches provide good references for converter control and protection integration.
Based on the above analysis, this paper proposes a pilot protection of hybrid MMC DC grid based on active detection. The proposed protection makes full use of the high controllability of the hybrid MMC system, combined with the strategy of fault ride-through and active detection. Considering identification method, the Spearman correlation coefficient is introduced to construct the correlation discriminant of the capacitance model, in which the capacitance model condition satisfied by the detected signals at both ends for external faults while not satisfied for internal faults. The proposed protection is not easily affected by the initial instantaneous harmonic factor of the fault. Compared with traditional differential current protection, the proposed protection method is faster and won't be affected by distributed capacitance. The principle of DC grid pilot protection based on active detection is proposed and is verified by theoretical analysis and simulation.
Realization of active injection for protection

Significance of active detection protection
When traditional identification method is applied to DC power grid, it will be affected by the limitation of effective fault information, frequency-dependent parameters of the lines and other factors. 
Effect of reliability
The fast rise of fault current in flexible DC system and the poor capability of power electronic equipment to withstand overcurrent mean converters have to be blocked very quickly. For a full-bridge MMC DC system, the time from blocking of converter to attenuation of fault current to zero is less than 10 ms [1] , and therefore, the fault characteristics are not significant. An example of the fault DC currents is shown in Fig. 1 where the fault occurs at time of 50 ms.
Effect of sensitivity
Real transmission line parameters are frequencydependent, and the frequency band of fault information is wide after DC line faults. Figure 2 illustrates an example of an external fault when applying the traditional model identification method under a wide frequency band. There are differences among line parameters under different frequencies. The traditional identification method uses the electrical quantity information at the initial moment of the fault to identify the fault. The frequency information of the electrical quantity at the initial moment of the fault is complex, while the line parameters are frequency-dependent, so these parameters are different:
where C(ω) is the capacitance value at a specific frequency. According to (1) , the parameters corresponding to different frequencies are different, so the accuracy of model identification will be reduced in principle and the protection performance based on model identification will be affected.
In addition, considering that the protection principle based on model identification method is closely related to the numerical calculation of the first-order differential term, the common method is to replace the differential value with the difference between two sampling points as
where Ts is the sampling interval.
It can be seen from (2) that since the converter is blocked quickly, when the information at the initial moment of the fault is used, the frequency content of the fault information is complex, and k in (2) will become a time-varying parameter [17] . Thus, the accuracy of model identification will be reduced.
Proposed methodology
In view of the limitations of traditional model identification pilot protection principle applied to DC power grid, this paper proposes an active detection pilot protection scheme based on the high controllability of the converter. Taking the two-terminal system as an example, its MMC active control strategy and the fault models at the specific frequency for internal and external faults are shown in Fig. 3 .
Reliability
By injecting controllable sinusoidal signals with certain amplitude, frequency, injecting time and duration, the fault model can be identified using the sinusoidal signals at that frequency (as shown in Figs. 3(a) and (b)) and the fault section of the DC line can be identified more precisely. Compared with the traditional model identification pilot protection principle, it can better obtain effective fault information and identify fault section.
Sensitivity
Considering the influence of frequency-dependent parameters of the lines, by injecting single frequency sinusoidal detection signals at both ends of the lines, the voltage and current (u (m,n)(ω) , i (m,n)(ω) ) at the specific frequency are extracted from the positions where protections are installed for fault identification, as shown in Fig. 3 (a) as:
C(ω) in the capacitance model can be determined, so the accuracy of fault model identification is improved in principle, and the influence of frequency-dependent parameters of the lines is overcome. In addition, the frequency of the characteristic signal is determined considering the sinusoidal signal injected as
When the difference between two sampling values is used instead of the differential value, there is:
From (5), the difference between the two sampling values and the differential value are correlated by the coefficient 2/(ωTs)sin(ωTs/2), which is independent of t and the initial phase angle φ, and is only related to ω and Ts. Therefore, the coefficient is constant and error correction can be performed.
Compared with the traditional model identification pilot protection using initial fault transient information, the method proposed in this paper overcomes the influence of frequency-dependent parameters and error factors of electrical quantity differential terms [17] , and thus improves the sensitivity of the protection. The injecting time, amplitude, length and type of detection signal are controllable, leading to higher reliability in principle.
Thus, taking full consideration of the above factors and combined with the high controllability of MMC and the advantages of traditional identification method, the principle of DC grid pilot protection based on active detection is proposed in this paper.
3 Injection strategy of active detection
Fault ride-through strategy of hybrid MMC
For hybrid MMC, the control strategy adopts closed-loop controls similar to those of the half-bridge MMC and is shown in Fig. 4 . As seen, the outer loop bridge arm voltage control regulates the average capacitor voltage of the bridge arm submodules, and the voltage balance algorithm is adopted to switch in or out the submodules based on the set upper and lower limits of the allowed fluctuation of the capacitor voltage [4, 7, 8] . When the mixing ratio of the full-bridge and half-bridge submodules of the bridge arm reaches 1:1, the range of the DC voltage modulation ratio M dc of the hybrid MMC is [− 0.1, 1], and the output range of the bridge arm voltage is [− 0.1, 1] times the rated DC voltage under unit power factor condition [4, 7, 8] .
As can be seen from Fig. 4 , the control strategy of the hybrid MMC is different from the traditional half-bridge MMC with an added closed-loop DC control loop. The DC current reference value I dcref generated by the outer DC voltage control loop is taken as the input of the inner DC current control loop, and the DC voltage reference value is obtained through the PI regulator to act on the switching process of the submodules to realize the control of DC voltage and current. When the MMC system detects that the DC voltage drops to 0.5p.u or the DC current rises to 2p.u, it switches to the fault control mode 1, and sets the DC current reference I dcref of the inner loop to a pre-set value I dcset , thereby controlling the DC current to the preset value such that the IGBTs will not be blocked due to bridge arm overcurrent. This ensures that the converter can still provide reactive power support to the AC side and realize fault ride-through when a DC fault occurs.
Generation of detection signals
In the event of a DC fault, once the MMC system detects sudden change of DC current or DC voltage, it will switch to fault control mode 1 and control the DC current to the pre-set value I dcset which can be set to a low value (0.1p.u in this paper). Once the MMC system is under fault control mode 1 and the DC current is controlled within the pre-set range, it will switch to fault control mode 2 and set the DC voltage reference value U dcref to U dcset to inject the sinusoidal characteristic signal.
The detailed fault mode switching process is shown in Fig. 5 .
Considering that the bridge arm reference voltages V refpm and V refm can be expressed as:
The number of full bridge submodules put into the upper and lower bridge arms can be expressed as:
where U cn represents the rated voltage of the submodule capacit.
Since the full-bridge submodule can output a negative voltage level, the equivalent total number of bridge arm submodules can be expressed as:
From (8), it can be seen that U dc = N 1 U cn . As the number of submodules changes, the DC voltage of the terminal also changes. Therefore, it can be seen from (7) and (8) that the DC terminal voltage can be changed by changing the DC voltage reference value U dcref . Therefore, without affecting the main MMC control system, disturbance (injecting characteristic signals of certain length and amplitude) can be applied for fault identification.
Selection of characteristic signals 3.3.1 Frequency of injected signal
1) The frequency of the detection signal should be much lower than the sampling frequency of the quantity processing unit at protection installation and the switching frequency of the MMC. In general, the switching frequency of typical MMC sub-modules in practical engineering is around 10 kHz, and the sampling rate of electrical parameters in engineering protection installation is normally lower than 20 kHz [2] [3] [4] [5] [6] [7] .. 2) Considering the attenuation effect of transmission lines on electric quantities, it is appropriate to select low frequency band. As an example, the quantities transmission attenuation curve of typical overhead lines are illustrated in Fig. 6 .
As can be seen from Fig. 6(a) , as the length of the line and frequency increase, the amplitude attenuation becomes more severe. While from Fig. 6(b) , it can be seen that the attenuation of the signal information amplitude at a frequency of 200 Hz or higher becomes more and more significant. Therefore, the characteristic frequency of the signal should be lower than 200 Hz.
3) The influence of distributed capacitance current can be further reduced with the reduction of filter cut-off frequency [22] , and the cutoff frequency can be approximated according to the fitting error of linear voltage distribution as:
where ω is the cut-off frequency of the low-pass filter, l is the line length, and v is the wave velocity.
Taking a typical length of 250 km as an example and considering that the wave velocity is approximately the velocity of light, if the cut-off frequency of the low-pass filter is 100 Hz, the fitting error E m is calculated as 4.9% which is within the acceptable range [22] . The lower the cut-off frequency is, the smaller the fitting error and the influence by the distributed capacitance current are.
Considering the above factors, the frequency of the injected signal is selected to be 100 Hz.
Length of injected signal
In order to ensure the reliability of protection principle, the length of injected signal should not be too short so as to provide sufficient margin for arc extinguishing time and reclosing discrimination time [18, 19] . On the other hand, the length should not be too long to ensure the speed of protection. Considering the delay time of the characteristic signal transmitted to the fault point or reflected back from the opposite end system, the maximum delay is about 2 ms for the line length of the existing projects not exceeding 300 km. In addition, the total data length should be greater than the data transmission delay length. Based on the above factors, the length of the injected characteristic frequency signal in each converter station is chosen to be 5 ms.
Amplitude of injected signal
Taking account of the tolerance of power electronic equipment at the protection installation point and the converter, the amplitude of the characteristic signal should not be too large, while be sufficient to reduce the influence of line frequency attenuation characteristics to facilitate model identification and analysis. Considering the tolerance of MMC to short circuit current is limited to 2~3 times of rated current, according to [18, 19] , it is suggested that the amplitude of active square wave pulse should not exceed 0.2 times of the rated DC line voltage. Therefore, 0.1 times the rated voltage is chosen as the injection amplitude of the sine wave detection signal.
4 Scheme of the pilot protection for DC grid based on active detection
Identification method
According to the high controllability of the hybrid MMC converter, the DC current at each end of the DC system is controlled, and the DC current I dcref of the inner loop is set to I dcset (0.1p.u) under fault conditions. When it is detected that the current is limited to the range by the converters, the system will switch to the fault control 2 mode, When DC line L 1 fails, the equivalent circuit diagram is shown in Fig. 8 , where i m , i n , and u m , u n are the respective current and voltage values at the characteristic frequency measured after characteristic signal injection. I cm and I cn are the equivalent capacitance currents flowing through the two-terminal lines at the characteristic frequency, respectively. Z lm , Z ln , and C lm , C ln are the impedance and capacitance values on both sides of the DC line at the characteristic frequency, respectively, and R f represents the fault impedance.
As can be seen from Fig. 8 , when the DC line L 1 fails, the capacitance currents i cm and i cn flowing through the capacitances at both ends of the DC line can be expressed as:
The fault current injected into the fault point by the DC system from both sides is:
where i f is the short-circuit current flowing through the fault point. The differential current i cd and voltage u cd are defined as:
From (10)~(12), the differential voltage and current at both ends of the line have the following relationship:
It can be seen from (13) that there is no linear relationship between differential voltage u cd and current i cd across the DC line due to the existence of the last two terms when the DC line has an internal fault. Therefore, the defined differential voltage and current do not satisfy the capacitance model.
When the DC line L 2 fails, it is an external fault for the protection installation point m and n at both ends of L 1 , as shown in Fig. 9 .
As can be seen from Fig. 9 , the capacitance currents i cm and i cn flowing through the capacitances at both ends of the DC line L 1 can be expressed as: 
The fault current injected into the fault point by the DC system at both ends is:
According to (14) and (15), differential current i cd and voltage u cd satisfy:
It can be seen from (16) that there is linear relationship between differential voltage u cd and current i cd . Therefore, the defined differential voltage and current satisfy the capacitance model.
Considering the compensation effect when faults occur, the differential voltage in (16) shall be compensated as follows:
where u' cd represents the compensated differential voltage of each phase, and u 0 represents the zero-mode voltage at the protection installation positions on both sides. K c represents the zero-mode compensation coefficient, and C 0 and C 1 represent the zero-mode and line-mode capacitances of the unit length of the line, respectively.
Introduction of line model correlation discrimination
According to Section 4.1, the defined differential voltage and current satisfy the capacitance model when the external fault occurs. The differential current i cd increases with the increase of the differential voltage derivative du cd /dt as can be seen in (16) , indicating a positive correlation. When the internal fault occurs, the capacitance model is not satisfied and the differential current i cd has no direct relationship with du cd /dt. Based on the above characteristics, this paper introduces the Spearman correlation coefficient [23] to measure the correlation between the two variables by checking whether they have synchronous change trend (increasing or decreasing at the same time). Compared with Pearson correlation coefficient [24] , Spearman correlation coefficient is not affected by data dimension, which makes correlation coefficient insensitive to large abnormal numbers and is more suitable for processing discrete data. Therefore, Spearman correlation coefficient is selected as the measurement method of similarity for model identification based on active detection.
The Spearman correlation coefficient is calculated by product moment and the correlation between two variables (y and z) is expressed by multiplying the deviation between them based on the deviation between the two variables and their respective average values as r y; z ð Þ ¼
where r(y,z) is the correlation coefficient, and the value range is [− 1,+ 1]. i is the sampling point, Ts the sampling interval and N the total number of sampling points of the data. r < 0 means negative correlation and the increase of one variable may cause the decrease of the other variable, whereas r = 0 means no correlation between the two groups of variables and the two groups of variables are largely independent. When r > 0, the positive correlation is satisfied, and the increase of one variable may cause the increase of the other. For 0 < r < 0.5, there is weak positive correlation, while 0.5 ≤ r < 1 indicates strong positive correlation and r = 1 indicates perfect positive correlation.
Fault identification
According to Section 3.1 and 3.2, combined with active detection strategy and correlation discrimination principle of DC line model, voltage and current differential values in the fault model do not have positive correlation characteristics for internal faults, while for external faults, positive correlation characteristics are satisfied. This can be used to construct protection criteria. Replacing the differential form by the difference form, the instantaneous values of differential current and voltage derivatives at the i-th sampling point y(i) and z(i) can be expressed as:
where Ts is the sampling interval, ω represents the angular frequency of the characteristic signal, ω = 2πf and f = 100 Hz.
For convenience, replacing the right side of z(i) in (19) with u cd (i)' as. u cd ðiÞ 0 ¼ 20) . Substituting (19) and (20) into (18) , the capacitance model correlation discrimination equation is constructed as:
According to the correlation discriminant of the fault model in (21) , the fault section of the DC power grid is discriminated.
By comparing the set value of positive correlation coefficient, the correlation can be used to further determine the fault section of DC power grid. Then the operating criterion is as follows:
where r set is the set value of positive correlation coefficient. When r(w(i),x(i)) < r set , positive correlation is not satisfied, which indicates an internal fault. In contrast, when r(w(i),x(i)) > r set , positive correlation is satisfied, indicating an external fault. In order to improve the reliability while considering the sensitivity, the set value should theoretically be as large as possible, with the maximum value being 1. However, considering the influence caused by data acquisition, a certain margin should be reserved with strong positive correlation still satisfied, so the threshold value is set to 0.5.
The fault identification process is thus as follows.
The two correlation coefficients at the protection installation on both sides of the positive and negative poles are calculated respectively; If the two correlation coefficients are all greater than 0.5, it means external faults; If at least one of the two correlation coefficients is less than 0.5, it means internal faults, and the correlation coefficient less than 0.5 corresponds to the faulty pole.
Process of protection
The process of pilot protection of hybrid MMC DC grid based on active detection when a DC line fails is given as follows and the flow chart is shown in Fig. 10 . 1) When the hybrid MMC system detects that the DC voltage drops to 0.5p.u or the DC current rises to 2p.u, it switches to the fault control mode 1 to limit the fault current to a pre-set value. The converter stations at both ends are not blocked during the fault but remain continuous control. 2) In order to ensure the speed and reliability of fault location, when it detects that the fault current is within the set value range I dcset1 (all three consecutive sampling points are satisfied), the fault control mode 1 is switched to the fault mode 2.
Taking the four-terminal grid as an example in this paper, sinusoidal voltage waves of 100 Hz, with amplitude of 0.1p.u, initial phase of 0, and length of 5 ms, are injected respectively by the four converters.
3) The 100 Hz characteristic frequency electrical quantity information is extracted from the protection installation positions of the positive and negative lines, and is fed into (21) . Through calculating the correlation coefficients r 1 and r 2 of the positive and negative lines and comparing with the set values, accurate discrimination of the fault area is realized, and corresponding protection operates.
Results and discussion
Referring to the hybrid MMC HVDC transmission system and actual parameters, a ± 400 kV bipolar fourterminal hybrid MMC DC grid as shown in Fig. 7 , is simulated in PSCAD, with the rated capacity of 1200 MVA. The 250 km long DC line is simulated using frequency dependent line model. The aerial mode and zero mode impedance are 0.027 + j0.87 Ω/km and 0.046 + j1.97 Ω/km, respectively at 100 Hz frequency. Each bridge arm consists of 200 sub-modules with equal numbers of half-bridge and full-bridge sub-modules, and an arm reactance of 19 mH. Capacitance of each submodule is 15mF. The AC system is rated at 380 kV with the equivalent short circuit impedance of 18%. Simulation time step is selected to be 100 μs, the sampling frequency for signal processing is 10 kHz and the simulation duration is 2 s. The fault occurs at 1 s. The fault locations are respectively at f 1 (pole-to-pole fault/ pole-to-ground fault in the midpoint of DC line L 1 ), f 2 and f 3 (pole-to-pole fault in the midpoint of L 2 and L 3 , which are external faults for L 1 ), lasting for 1 s. The simulation data obtained by PSCAD are imported into MATLAB to verify the protection algorithm. In order to improve the accuracy of the algorithm, considering the data transmission delay, the protection algorithm can use the last 3 ms of the total data length (5 ms) for operation.
Verification of protection scheme
When the DC line fails, the systems on both sides are switched to fault control mode 1, and the DC current reference value is set to 0.1p.u. When the fault current is detected to have decreased to 0.1p.u at m (with three continuous sampling points), the converter is switched to fault control mode 2. The 100 Hz sine wave signal is injected into the line by changing the DC voltage reference value, and the correlation coefficients of positive and negative poles is calculated by using (22) . Take L1 as an example, the positive DC current, DC voltage and the correlation results at m when an pole-to-pole fault occurs are shown in Fig. 11, Fig. 12, Fig. 13, Fig. 14. The correlation coefficients in Fig. 11, Fig. 12, Fig. 13, Fig. 14. are averaged, and the results are summarized in Table 1 . From Fig. 11, Fig. 12, Fig. 13, Fig. 14. it can be concluded that when the system switches to the fault control mode 1 after fault occurrence, the fault current can be limited to the set value within a few milliseconds. Then the system switches to fault control mode 2. By changing the reference value of DC voltage and injecting signals into the line, it can be seen that DC voltage and current are approximate sine waves within one cycle. In case of internal pole-topole fault, the correlation coefficient of the positive and negative poles is less than the set value, thus the protection can operate correctly. When an external fault occurs, the correlation coefficient of the positive and negative poles is larger than the set value, and the protection does not operate.
Anti-interference capability
Considering the interference of external noise and transformer transmission error on the protection principle in practical engineering, this paper uses random Gaussian white noise to verify the anti-interference performance of the principle. The signal-to-noise ratio of the white noise signal is 30 dB. The anti-interference performance of internal metallic grounding fault and pole-to-pole fault in different fault positions (30 km, 100 km, 150 km, 250 km) of the DC line, and external pole-to-pole faults (f 2 and f 3 ) are verified as shown in Table 2 .
Anti-fault impedance capability
Taking internal faults with 0.01 Ω, 50 Ω, 100 Ω fault impedances at 150 km and 250 km of f 1 in the positive pole and external faults at the midpoint of f 2 and f 3 as examples, the anti-fault impedance performance of the principle is tested, as shown in Table 3 . In addition, in order to verify the protection performance under internal fault with 300 Ω fault impendence, the trigger criterion of converter fault control is adjusted to that the DC voltage drops to 0.8p.u. or the DC current rises to 1.5p.u.
Performance at different sampling rates
Taking internal faults with 0.01 Ω transition impedance at 200 km in positive pole as an example, the protection scheme is tested with sampling rates of 2 kHz, 5 kHz, 10 kHz, 15 kHz and 20 kHz, as shown in Table 4 .
Compared with Pearson correlation coefficient
Taking external pole-to-pole faults (f 2 ) as an example, the protection scheme is tested with sampling rates of 10 kHz, as shown in Table 5 .
Conclusion
Combing the high controllability of hybrid MMC system, fault ride-through strategy and characteristic signal injection strategy, a pilot protection principle based on active detection is proposed in this paper using model identification. The following conclusions are obtained.
1) For the hybrid MMC converter system, its high controllability can be fully utilized, and the characteristic frequency signal can be injected by controlling the DC voltage through acting on the switching process of sub-modules to realize the control of DC current and voltage. 2) Characteristic signals of the same frequency can be injected into the lines at different converter stations, and the frequency characteristic signals extracted at the protection installation position. By utilizing the characteristic that the frequency signals satisfy the capacitance model for external faults but do not satisfy for internal faults, the fault section identification can be realized by combining the model identification method and the Spearman correlation identification method. 3) Pilot protection of hybrid MMC DC grid based on active detection is not affected by distributed capacitance current and is superior to traditional model identification protection principle in reliability and sensitivity. Combining the fault ridethrough strategy and the active detection signal injection strategy, the proposed method is not affected by line frequency-dependent parameters and electric quantity differential term errors while on the other hand, fault information can be used effectively and flexibly to identify fault sections. In addition, the proposed method has strong anti-fault impedance and anti-interference capability, and does not depend on high sampling rate and DC boundary. 
